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The nucleotide sequence of the ROB-1 B-lactamase gene from Haemophilus influenzae plasmid Ry, was
determined. The structural gene encodes a polypeptide of 305 amino acids, with an estimated molecular mass
of 30,424 for the mature form of the protein. The ROB-1 gene showed low homologies with other B-lactamases
at the nucleic acid level. By using two statistical computer methods, assessment of the extent of similarity
between ROB-1 and other known B-lactamase amino acid sequences suggested that ROB-1 is a class A enzyme.
Alignment of class A B-lactamases with ROB-1 identified conserved residues. The use of a mutation matrix for
detecting distance relationships indicated that ROB-1 has higher values and homologies with B-lactamases of
gram-positive bacteria, giving insight into its ancestry and divergence.

The ROB-1 B-lactamase was first identified in ampicillin-
resistant Haemophilus influenzae type b isolates by Rubin et
al. (31) in 1981. The following year, plasmid-mediated ampi-
cillin resistance was reported in Actinobacillus pleuropneu-
moniae (17), and patterns of resistance suggested a TEM-
type B-lactamase. Medeiros et al. (25) discovered that
plasmid-mediated B-lactamases from H. influenzae and A.
pleuropneumoniae were indistinguishable by isoelectric fo-
cusing or DNA hybridization. Further studies confirmed that
the ROB-1 structural gene showed no cross-hybridization
with other bla genes (22). The same enzyme was also found
on plasmids and on the chromosome in Pasteurella strains
(23). A prevalence study of the ROB-1 B-lactamase among
161 ampicillin-resistant H. influenzae strains in the United
States showed that 8% produced ROB-1, whereas 92% of
strains produced TEM-1 (12).

Based on the broad-spectrum nature of the ROB-1 enzyme
that hydrolyzes penicillins and cephalosporins (25), ROB-1
was identified as a class 2b enzyme in the classification
scheme of Richmond and Sykes (29), as recently modified by
Bush (7). Considering the biochemical nature of ROB-1, it
would be tempting to speculate that this enzyme is a typical
class A B-lactamase in the classification of Ambler (1) and,
presumably, is related to TEM-type enzymes.

Here we report the nucleotide sequence of the ROB-1
structural bla gene isolated from H. influenzae plasmid Ry,
and compare it with other known B-lactamases to gain
insight into its evolution.

MATERIALS AND METHODS

Bacterial strains and plasmids. The bacterial strains and
plasmids used in this study are listed in Table 1. Escherichia
coli DH5a was the recipient strain for recombinant plasmids
pMON418 and pMON419. JM101, the recipient for
M13mp19 phage, was conserved on minimal medium with-
out proline (40). E. coli HB101 was the recipient host for
other plasmids. In all cases, bacterial cells were grown on
tryptic soy agar (Difco Laboratories, Detroit, Mich.) con-
taining appropriate antibiotics (ampicillin, 20 pg/ml; kana-
mycin, 50 ng/ml). For pPBGS18* and pBGS19* and pTZ18R
phagemids, production of single-stranded DNA with the
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helper phage M13K07 was done as described by Spratt et al.
(35) and Vieira and Messing (38).

Preparation of DNA and related techniques. Plasmids were
prepared by the cleared lysate method, with modification to
cell lysis (1 mg of lysosyme per ml, 0.075 M disodium
EDTA, 1% sodium dodecyl sulfate), and purified by cesium
chloride-ethidium bromide gradient ultracentrifugation (33).
Plasmid DNA was digested with restriction enzymes by
using the conditions recommended by the manufacturers
(BamHI, Dral, and Alul [Bethesda Research Laboratories
Inc., Gaithersburg, Md.]; EcoRl, EcoRV, and HindIII
[Pharmacia LKB Biotechnology, Baie d’Urfée, Quebec,
Quebec, Canada]). Restricted DNA fragments were sepa-
rated by agarose gel (0.8%) electrophoresis. Subcloning and
transformation were done as described by Silhavy et al. (33).

Nucleotide sequencing and computer analysis. DNA se-
quencing was performed by the dideoxy polymerase chain
termination method (32). DNA fragments cloned in
M13mp1l9 were sequenced with the Klenow fragment (Inter-
national Biotech. Inc., Toronto, Ontario, Canada), and clones
in pTZ18R or pBGS18* and pBGS19* were sequenced by
using the phage T7 polymerase (37) (Pharmacia). In addition
to the universal primers (Pharmacia), we synthesized four
17-mer oligonucleotide primers by phosphite triester chem-
istry (3) on the Gene Assembler Plus apparatus (Pharmacia).
Oligonucleotides were purified on 20% polyacrylamide-urea
gels (3). Analysis of the DNA sequence was performed with
the software package of the University of Wisconsin Genet-
ics Computer Group (15) and the protein sequence analysis
software of the Protein Identification Resource (13). Scores
obtained with the ALIGN program of Dayhoff (13) by using
the mutation matrix are based on amino acid replacements
between two aligned proteins indicating distance relation-
ships. Searches for similarities of ROB-1 with other DNA
sequences and proteins were performed with the GenBank,
European Molecular Biology Laboratory, and National Bio-
medical Research Foundation data bases.

RESULTS

Physical mapping and subcloning of the ROB-1 structural
gene. The recombinant plasmid pMON401 (Ap" Cm") was
constructed from a partial Sau3A digest of Ry, (Ap*) cloned
into the BamHI site of pACYC184 (22). In contrast to an
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TABLE 1. Bacterial strains, plasmids, and phages
used in this study

Reference
or source

Relevant
characteristics®

Strain, plasmid,
or phage

E. coli strains

HB101 F~ hsdS20(rg™, mg™) supE44 6

ara-14 galK-2 lacY1 proA2

leu endA thi-2 rpsL20(Str")

xyl-5 mtl-1 RecAl3
JM101 SupE thi A(lac-proAB) 40

(F' traD36 proAB

lacI"ZAM15)
DHS5a F~ ¢$80dlacZAM1S 16

A(lacZYA-argF) U169

recAl endAl hsdR17

(r~, m*) supE44 thil

gyrA relAl

Plasmids or phages

pACYC184 Cm" Tc" 11
pBGS18*/19* Km" lacPOZ' 35
Rgob Ap’ 31
pTZ18R Ap' lacPOZ' 38
pVM105 Ap" Su” 17
M13mpl9 lacPOZ' 26
M13K07 Km* 38
pMON401 Cm" Ap” This work
pMONA402 Ap" This work
pMON418 Km" Ap" This work
pMON419 Km" Ap* This work

“ Abbreviations: Ap, ampicillin; Cm, chloramphenicol, Km, kanamycin;
Su, sulfonamide; Tc, tetracycline.

earlier report (22), finer restriction mapping confirmed that
the BamHI site found in pMON401 is not at one extremity of

the insert but is internal to the cloned fragment. To localize

the ROB-1 bla structural gene precisely, we mapped
pPMON401 with restriction endonucleases BamHI, Dral,
EcoRIl, and EcoRV (Fig. 1). Construction of pMON402
eliminated a 3.7-kilobase (kb) EcoRI fragment with retention
of ampicillin resistance, thus localizing the ROB-1 bla gene
on a 1.5kb EcoRl and BamHI-Sau3A fragment of the
pPMON401 map. Directional cloning of a 1.8-kb BamHI-
HindIII fragment into pBGS18* and into pBGS19* in both
orientations (pPMON418 and pMON419) localized the struc-
tural gene in a small region sufficient for nucleotide sequenc-
ing and suggested that ROB-1 is expressed from its own
promoter.

Nucleotide sequence of the ROB-1 gene. The nucleotide
sequencing strategy of the ROB-1 gene is illustrated in Fig.
2. First, a 310-base-pair (bp) EcoRI-BamHI fragment and a
242-bp Alul fragment cloned in M13mp19 were sequenced.
By cloning a 964-bp Dral-HindIII fragment into pTZ18R, we
determined the sequence of 454 bp. Finally, by using these
sequences, we synthesized a series of oligonucleotide prim-
ers (Fig. 2) and completed the nucleotide sequences for the
1,775-bp BamHI-Sau3A-EcoRI fragment (GenBank acces-
sion number, M33576). The nucleotide sequence region
encompassing the ROB-1 structural gene was determined for
both strands.

Analysis of the entire sequence for coding regions showed
an open reading frame encoding a putative protein of 305
amino acids (Fig. 3). We found a serine-threonine-phenylal-
anine-lysine tetrad (STFK), which is characteristic of B-
lactamase-active sites, at amino acid positions 86 to 89. A
putative ATG initiation codon found at positions 303 to 305
was preceded by a ribosome-binding site (AGGATA), and
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FIG. 1. Isolation of the ROB-1 bla gene. Plasmid pMON401 was
constructed by cloning Rg,;, Sau3A fragments into the BamHI site
of pACYC184. The EcoRI deletion plasmid pMON402 localized the
bla gene between the EcoRI and the BamHI-Sau3A sites, while
BamHI-HindIII subcloning into pPBGS18*/19* gave pMON418 and
pMON419. Abbreviations: bla, B-lactamase gene; cat, chloram-
phenicol acetyltransferase gene; f1 Ori, f1 phage replication origin;
km, kanamycin resistance; Ori, replication origin; tet, tetracycline
resistance. Restriction sites are abbreviated as follows: B, BamHI;
B/S, BamHI-Sau3A; D, Dral; E, EcoRl; EV, EcoRV; H, HindIIl.

the open reading frame was terminated by a TAA codon at
positions 1218 to 1220. The only probable promoter found
was between positions 27 and 57, which was 246 bp before
the ATG initiation codon. The —10 sequence TATAAG
began at position 52, and the —35 sequence TTCACA began
at position 27. Following the stop codon, we noted an
AT-rich region. At positions 1255 to 1299 (35 bp after the
TAA codon) there is a possible hairpin-loop RNA secondary
structure with a 20-bp stem and a 5-bp loop for a AG of
—23.20 kcal/mol. The entire 1,775-bp sequence showed a
G+C content of 40.79%, and the 915-bp structural gene
showed a G+C content of 43.14%. The N-terminal amino
acid sequence had a hydrophobic region that is known to be
a common B-lactamase secretion signal. Taking into account
that ROB-1 has the same length as the Bacillus licheniformis
B-lactamase, we arbitrarily chose a signal peptide of 33
amino acids terminating at alanine (position 33). The mature
protein would have an STFK-active site tetrad at positions
53 to 56 and an estimated molecular weight of 30,424.
Homology with other PB-lactamases. The nucleotide se-
quence of the ROB-1 gene showed low homology with other
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FIG. 2. Sequencing strategy used for the ROB-1 bla gene. The HindIII-EcoRI fragment of pMON401 is shown. Symbols: thin line, the
vector; open box line, the insert; arrows, direction of nucleotide sequences analyzed; O, oligonucleotide primers. Arrows a and b indicate

sequences done in M13mpl9; arrow c indicates those done in pTZ18R; and arrows d through h represent those done in pPBGS18* and in
pBGS19™.

{ BamH1/Sau3A -35 -10
1 GGATCAGAGTAATAATTTCTGATGTTITCACATAAATCACCCCCTTAGCACTATAAGGCTAAGCGACTAGGCTCACACTATGAACGGTAGTGCGAGCCGC 100

101 CGCCATAGTGCGAAAGTGATTTTAACACATAACCGCCTAACAAGGCGTTATGTTTTATTCGGGGCTAAATTGCTAGACTTTTGCGCTTAAATTCGCCAAA 200
RBS
201 ATCTGTTTTTTTGTTCTACAAACAAATTATCCGAATTTCCGCGCAATGTACGTTTCAGGCTGCCTGAAAAGAAATTTATTTAGTAAAATCAAAGGATAAT 300

301 TTATGTTAAATAAGTTAAAAATCGGCACATTATTATTGCTGACATTAACGGCTTGTTCGCCCAATTCTGTTCATTCGGTAACGTCTAATCCGCAGCCTGC 400
M L N K L K I G TULULULULTULTACSUPNSUVHS VTS NUZPUGQUPA

401 TAGTGCGCCTGTGCAACAATCAGCCACACAAGCCACCTTTCAACAGACTTTGGCGAATTTGGAACAGCAGTATCAAGCCCGCATTGGCGTTTATGTATGG 500
S APV Q Q@ 8S A TAQATV FQQTLANLEA QQYQARTIGVY VI w
501 GATACAGAAACGGGACATTCTTTGTCTTATCGTGCAGATGAACGCTTTGCTTATGCGTCCACTTTCAAGGCGTTGTTGGCTGGGGCGGTGTTGCAATCGC 600
D T ETGH S L 8 YR A D EUR RV F A Y A |s T F Kl A LL A G A VL Q S L
Dral
601 TGCCTGAAAAAGA AAATCGTACCATTTCATATAGCCAAAAAGATTTGGTTAGTTATTCTCCCGAAACCCAAAAATACGTTGGCAAAGGCATGACGAT 700
P E K DL NRTTI S Y 8 QK DLV 8 Y S P ETAGQIK YV G K G MTII

701 TGCCCAATTATGTGAAGCAGCCGTGCGGTTTAGCGACAACAGCGCGACCAATTTGCTGCTCAAAGAATTGGGTGGCGTGGAACAATATCAACGTATTTTG 800
A Q L C E A AV RPF S DN S A TN NULULILIKIELUG GG VYV EQYQURTIWL
2 — Dral
801 CGACAATTAGGCGATAACGTAACCCATACCAATCGGCTAGAACCCGA' 'AAATCAAGCCAAACCCAACGATATTCGTGATACGAGTACACCCAAACAAA 900
R QL G DNV THTNU RILEUPIUDTILNAG QAKUTPNDTIR RTUDTSTUPIKZG QM
Dral
901 TGGCGATGAA 'AAATGCGTATTTATTGGGCAACACATTAACCGAATCGCAAAAAACGATTTTGTGGAATTGGTTGGACAATAACGCAACAGGCAATCC 1000
A M N L N A Y LULGNTULTESQKTTIULUWNUWULDNNATGNFP

=3
1001 ATTGATTCGCGCTGCTACGCCAACATCGTGGAAAGTGTACGATAAAAGCGGGGCGGGTAAATATGGTGTACGCAATGATATTGCGGTGGTTCGCATACCA 1100
L I R A A TUPT S W KV Y DK S G AGIK Y GV RNDTIAV VYV RTIFP

1101 AATCGCAAACCGATTGTGATGGCAATCATGAGTACGCAATTTACCGAAGAAGCCAAATTCAACAATAAATTAGTAGAAGATGCAGCAAAGCAAGTATTTC 1200
N R K P I VM A I M 8 T QF TEEAIKF FNNIKILVETDAAIK GQVTF FH
TRM

1201 ATACTTTACAGCTCAACTAACAAATTCATTTTGTTAGAAAAAGTGAAAATTTAGGACTGAAAAAGCCGTTGAAACTTGCTTTCAATGGCTTTTTTAGTCT 1300
T L Q L N =

1301 AACAACCGCAGGGCGTTAGCAGAAAGGTGCACGAATTTTCATAAAATTACACGGTAAGAAAGGTGTATGGATTTTCACAAAGGTGTACAGATTTTAATAA 1400
BamHI
1401 AATACACCTTAAAGCCCTTTAATACCCAATGCTTTAGAAAAGAAAAAGGGATCCCAGGGATTTCAGTTGTAGAACAAGGTCGCGGTGCAAGTTCTGGATA 1600

1501 TTCTATTCGTGGTATGGACAGAAATAGAGTTGCTTTATTAGTAGATGGTTTACCTCAAACGCAATCTTATGTAGTGCAAAGCCCTTTAGTTGCTCGTTCA 1600

1601 GGATATTCTGGCACTGGTGCAATTAATGAAATTGAATATGAAAATGTAAAGGCCGTCGAAATAAGCAAGGGGGGGAGTTCTTCTGATGTATGGTAATGGA 1700
EcoRV EcoRI

1701 ocAcncc'roa'r'rC'rc'rMcAmcmocMA'rcAocmccénu'cnmuommcm'rcu AATT 1775

FIG. 3. Nucleotide sequence of the ROB-1 B-lactamase gene. The proposed ribosome-binding site is underlined and identified by —10 and
—35. The most probable hairpin loop is depicted as follows: the stem is underlined, the loop is overlined, and the extremities are indicated
by arrows. The deduced amino acid sequence is designated by the one-letter code, and the active site STFK is delimited by a box. Restriction
sites are indicated by arrows. Oligonucleotides used in the sequencing strategy (Fig. 2) are overlined and indicated by numbers 1 through 3.
The stop codon is represented by an asterisk.
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51 ANLEQQYQARIGVYVWDTETGHSL .SYRADERFAYASTFKALLAGAVLQS
e et bbbl LU o BT e o1
100 L..PBKDLNRTISYSQKDLVSYSPE'I‘QKYVGKOHTIAQLCEAAVRFSD}'S 147
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o2 il Ll LS T o
198 KQMAMNLNAYLLGNTLTESQKTI LHNWLDNNATGNPL!MATP‘I‘SVKVYD
182 M!I!ATTLRKLLT&&LL'I'LAS&QQLI* MlVAGlLlASALlALWlA* 231
248 KSGAGKYGVRNDIAVVRIPNRKPIVMAIMSTQFTEEAKFNNKLVEDAAKQ 297

202 HdMendsharthaloroatesalivirrlosaxmmmtbaladidas 201

298 VFHTLQLN* 306
282 LIKHW* 287

FIG. 4. Similarity of ROB-1 with B. licheniformis B-lactamase
(BLIP) and TEM-1. The degree of similarity between ROB-1 and the
B-lactamase from B. licheniformis is 63.48%, and that between
ROB-1 and TEM-1 is 55.63%. Stop codons are represented by
asterisks.

known class A, B, C, and D B-lactamases. However, com-
parisons of amino acid sequences showed interesting fea-
tures. The deduced ROB-1 amino acid sequence was com-
pared with B-lactamases by using the Gap program from the
University of Wisconsin and the Align program of Dayhoff
(13). The Gap program, which is based on a table of
relatedness between amino acids, aligns identical and similar
amino acids (pairing values, <0 and =1.5). Similarity with
class B, C, and D B-lactamases was low (below 40%), while
comparisons with class A enzymes gave higher values. The
highest similarity for ROB-1 was found with B-lactamase I of
Bacillus cereus (39) (63.48%) and B-lactamase of B. licheni-
formis (28) (63.48%). The lowest similarity was 48.28% with
the B-lactamase of Rhodopseudomonas capsulata (9). In
Fig. 4, we present the alignments obtained between ROB-1
and the class A B-lactamase TEM-1 and B. licheniformis.
From these results, it is apparent that ROB-1 is a class A
B-lactamase, but in contrast to what we expected, the
highest similarity observed was not with TEM-1. Indeed,
similarity values between ROB-1 and B-lactamases of gram-
positive bacteria were consistently higher.

To assess the relatedness between ROB-1 and other

ROB-1 bla GENE 1357

B-lactamases, we found it essential to compare these pro-
teins by using the mutation data matrix of Dayhoff (13) and
Align software, which can detect distance relationships in
proteins. Alignment scores (in standard deviation units) with
class B, C, and D enzymes and ROB-1 were very low
(<3.35), while alignment values with class A enzymes were
high (>25). The highest value obtained (50.3) was with the
B-lactamase of B. licheniformis, and the lowest value ob-
tained (24.7) was with PSE-4. TEM-1 had a score of 27.7.
ROB-1 had higher scores with B-lactamases from gram-
positive bacteria (33.7 to 50.3) than it did with B-lactamase
from gram-negative bacteria (24.7 to 27.7).

Taking into account previous results, we aligned class A
B-lactamases (Fig. 5). The ROB-1 peptide sequence was
fitted in the alignment by using no additional padding and
contained the seven conserved boxes typical of penicillin-
interactive proteins. These B-lactamases can be classified
into two distinct groups reflecting computer comparisons
between each B-lactamase, as shown in Fig. 5SA and B.
These enzymes are presumably in two evolutionarily related
families, when taking into account scores of the Align
program. The two groups represent B-lactamases from gram-
positive (Fig. 5A) and gram-negative (Fig. 5SB) bacteria,
except for ROB-1. Thus, we classified ROB-1 in the first
group because similarity and distance relationship values
obtained when ROB-1 was compared with all class A B-
lactamases showed that it is more closely related to the
enzymes from gram-positive bacteria.

DISCUSSION

We sequenced the complete ROB-1 structural gene, in-
cluding 302 bp before and 555 bp after the structural gene.
The putative promoter, ribosome-binding site, and termina-
tor sequences suggest that the gene that we analyzed is
complete. It could be possible that the ROB-1 structural
gene is driven by the zet promoter in pMON401 since the first
cloning step was in the BamHI site of pACYC184 (30).
However, the subcloning of a HindIII-BamHI fragment in
pBGS18* and pBGS19* gave ampicillin resistance. Since
the HindllI site is into the tet promoter, one would expect
that the ROB-1 gene is controlled by its own promoter in E.
coli.

One intriguing question is what is the origin of the ROB-1
B-lactamase gene found in H. influenzae? The G+C content
of 40.79% for the entire sequence and 43.14% for the ROB-1
structural gene is typical for H. influenzae (37 to 44%) and
for members of the family Pasteurellaceae (38 to 47%) (24).
Codon usage in the ROB-1 gene is similar to that in the two
sequenced genes (polysaccharide export protein and outer
membrane protein pl) of H. influenzae (20, 27).

A search for amino acid sequence similarity showed that
ROB-1 is a class A enzyme related to B-lactamases of
gram-positive bacteria. This was confirmed by measuring the
evolutionary distance by using a mutation matrix. The
preliminary data showed that ROB-1 is highly related to
class A B-lactamases but is not significantly related to
enzymes in classes B, C, and D. However, we suggest that
it is possible to divide class A enzymes into two groups,
which is in agreement with the classification based on their
bacterial origin and biochemistry (7, 8).

The first group includes B-lactamases from gram-positive
bacteria such as B. cereus, Streptomyces cacaoi, B. licheni-
formis, Staphylococcus aureus, and H. influenzae (ROB-1).
B-Lactamases of Streptomyces aureofaciens and Streptomy-
ces albus are related but presumably divergent in their own
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Asabla Ll VRLT QAPPSRRTLM TLGAGATMAA ..LLPAGGAA YASTSTAKAP AAEGISGRLR ALEKQVAARL GVFALDIGTG AGR.SYRAGE LAAAAVLRDV DARREFLTKR
Albus ..., VHPS TSRPSRRTLL TATAGAALAA ATLVPGTAHA SSGGRGHGSG SVSDAERRLA GLERASGARL GVYAYDTGSG RTV.AYRADE LFPMCSVFKT LSSAAVLRDL DRNGEFLSRR
CACHOL  serieenens vevesrcnen saes VACGQA SGSESGQQPG LGGOGTSAHG SADAHEKEFR ALEKKFDAHP GVYAIDTRDG QEI.THRADE RFAYGSTFKA LQAGAILAQV LRDGREVRRG
ROB-1 +evev..MLN KLKIGTLLLL TLTACSPNSV HSVTS..NPQ PASAPVQQSA TQATFQQTLA NLEQQYQARI GVYVWDTETG HSL.SYRADE RFAYASTFXA LLAGAVLGSL PEKD..LNRT
FC1 vt e tieves wierenesss o MKKLIFLI VIALVLSACN DLEKKYNAHI GVYALDTKSG KEV.KFNSDK RFAYASTSKA INSAILLEQV PYNK..LNKK
BLpP  .eeeenn.. M KIWFSTLKLK KAAAVLLFSC VALAGCANNQ TNASQPAEKN EXTEMKDDFA KLERQFDAKL GIFALDIGTN RTV.AYRPDE RFAFASTIKA LTVGVLLGGK SIED..LNGR
BeeSh ... LKNK RMLKIGICVG ILGLSITSLE AFTGESLQVE AKEKTGQVKH KNQATHKEFS QLEXKFDARL GVYAIDTGIN QTI.SYRPNE RFAFASTYKA LAAGVLLQGN SIDS..LNEV
Beez MFVLNKFFTN SHYKKIVPVV LLSCATLIGC SNSNTQSESN KQTNQINQVK QENKRNHAFA KLEXEYNAKL GIVALDTSTN QTV.AVHADD RFAFASTSKS LAVGALLRQN SIEA..LDER
BoeSb ... ~MKNK KMLKIGMCVG ILGLSITSLV TFTGGALQVE KNQATHKEFS QLEKKFDARL GVYAIDTGTN QTT.AYRPNE RFAFASTYKA LAAGVLLQQN STKK..LDEV
B -1 MRYV...... .... RLCVIS LLATLPLWVY AGPGPLEQIK QSESQLSGRV GMVEMDLANG RTLAAWRADE RFPMVSTFKV LLOGAVLARV DAGLEQLDRR
TEM-1  ceveineens ceeneeeen s ++++.MS IGHFRVALIP FFAAFCLPVF AHPETLVKVK DAEDQLGARV GYIELDLNSG KILESFRPEE RFPMMSTFKV LLOGAVLSRV DAGQEQLGRR
PSE-4 .  MKFL...o.. e LAFSLL IPSVVFASSS KFQQVEQDVK AIEVSLSARI GVSVLDTQNG EYW.DYNGNQ RFPLTSTFKT IACAKLLYDA BQGKVNPNST
Reapsul MRFTATVLSR VATGLALGLS MATASLAETP -VEALSETVA RIEBQLGARV GLSLTETGTG WSW.SHREDE LFLMNSTVKV PVOGAILARW DAGRLSLSDA
111 v v
121 ! 240
Sabla TVTEP. VK A.GYL. .. FYIGPENI AG.GHIGAEL CAAAVEESIN GAGNLLLREL, DGPIGITRIC RSLGDTTTHL ALNSA EPDRVIDTTS PGAIGRTFGR L.IVGS...A
Albus . PETGKPQNL ANAQLTVEEL CEVSITASDN CAANLMLREL GGPAAVTRFV RSLGDRVIRL DRWEPELNSA EPGRVIDITS PRAITRTYGR L.VLGD...A
Cacaoi + - .GMSLREL, CDAVVAYSDN TAANLLFDQL GGRRGSTRVL KQUGDHTTSM DRYBQELGSA VPGDPRDTST PRAFAEDLRA FAVEDGEKAA
ROB-1 -GMTIAQL CEAAVRFSDN SATNLLLKEL GGVEQYQRIL RQLGDNVTHT NRLEPDLNQA KPNDIRDTST PKQMAMNLNA Y.LLGN...T
FCl .. .DITLKAL IEASMTYSDN TANNKIIKEI GGIKKVKQRL KELGDKVINP VRYEIELNYY SPKSKKDTST PAARGKTLNK L.IANG...K
Blip « .GMTLKEL ADASLRYSDN AAQNLILKQI GGPESLKKEL RKIGDEVTNP ERFEPELNEV NPGETQDTST ARALVTSLRA F.ALED...K
BeeSh .+ .GMKLGEI AEAAVRSSDN TAGNILFNKI GGPKGYEXAL RHMGDRITMS NRFETELNEA IPGDIRDTST AKAIATNLKA F.TVGN...A
Beez + GMTLKEL ADASVRYSDS TAHNLILKKL GGPSAFEKIL REMGDTVINS ERFEPELNEV NPGETHDTST PKAIAKTLQS F.TLGT...V
BeeSb + GMTLGEI AEAAVRYSDN TAGNILFHKI GGPKGYEKAL RKMGDRVIMS DRFETELNEA IPGDIRDTST AKAIARNLKD F.TVGN...A
LEN-1 . .GMTIGEL CAAAITLSDN SAGNLLLATV GGPAGLTAFL RQIGDNVTRL DRWETALNEA LPGDARDTTT PASMAATLRK L.LTAQ...H
SHV-2 . .GMTVGEL CAAAITMSDN SAANLLLTAV GGPAGLTAFL RQIGDNVTRL DRWETELNEA LPGDARDTTT PASMAATLRK L.LTSQ...R
TEM-1 ++.GMIVREL CSAAITMSDN TAANLLLTTI GGPKELTAFL HNMGDHVTRL DRWEPELNEA IPNDERDTTM PAAMATTLRK L.LTGE...L
PSE-4 +..AITLDDA CFATMITSDN TAANIILSAV GGPKGVIDFL RQIGDKETRL DRIEPDLNEG KLGDLRDTTT PKAIASTLMK F.LFGS...A
Reapsul LPVRKADLVP .Y........ APVTETRVGG . ..NMTLDEL CLAAIDMSDN VAANILIGHL GGPEAVIQFF RSVGDPTSRL DRIEPKLNDF ASGDERDTTS PAAMSETLRA L.LLGD...V
Vi viI
241 | o 338
Sabla LRAGDRKRLT GWLVANTTNR PTFRAGLPDD WVLADKTGGG EQYGVANDVG VVQP.PGRAP LVLSVLSTKF DPKGPTDNPL VAKAAALVAG ELT*....
Albus LNPRDRRLLT SWLLANTTSG DRFRAGLPDD WILGDKTGAG .RYGTNNDAG VIWP.PGRAP IVLTVLTAKT EQDAARDDGL VADAARVLAE TLGH....
Cacaoi LAPNDREQLN DWMSGSRTGD ALIRAGVPKD WKVEDKSGQV .KYGTRNDIA VVRP.PGRAP IVVSVMSHGD TQDAEPHDEL VAEAGLWVAD GLK¥....
ROB-1 LTESQKTILW NWLDNNATGN PLIRAATPTS WKVYDKSGAG .KYGVRNDIA VVRI.PNRKP IVMAIMSTQF TEEAKFNNKL VEDAAKQVFH TLQLN¥..
PC1 LSKENKKFLL DLMLNNKSGD TLIKDGVPKD YKVADKSGQA ITYASRNDVA FVYPKGQSEP IVLVIFTNKD NKSDKPNDKL ISETAKSVMK EF%.....
Blip LPSEXRELLT DWMKRNTTGD ALIRAGVPDG WEVADKTGAA .SYGTRNDIA ITWP.PKGDP VVLAVLSSRD KKDAKYDDKL IAEATKVVMK ALNMNGK
BeeSh LPAEKRKILT EWMKGNATGD KLIRAGIPTD WVVGDKSGAG .SYGTRNDIA VVWP.PNRAP TITAILSSKD EXEAIYDNGL IAEATKVIVK ALR*....
Beez LPSEKRELLV DWMKRNTTGD KLIRAGVPKG WEVADKTGAG .SYGTRNDIA IIWP.PNKKP IVLSILSNHD KEDAEYDDTL IADATKIVLE TLKVTNK®
BeeSb LPHQKRNILT EWMKGNATGD KLIRAGVPTD WVDADKSGAG .SYGTRNDIA IVWP.PNRSP IITAILSSKD EKEATYDNQL IKEAAEVVID AIKE....
LEN-1 LSARSQQQLL QWMVDDRVAG PLIRAVLPPG WFIADKTGAG .ERGARGIVA LLGP.DGKPE RIVVIYLRDT PASMAERNGH IAGIGQR®.. ........
SHV-2 LSARSQRQLL QWMVDDRVAG PLIRSVLPAG WFIADKTGAS .ERGARGIVA LLGP.NNKAE RIVVIYLRDT PASMAERNQQ IAGIGAALIE HWQR¥...
TEM-1 LTLASRQQLI DWMEADKVAG PLLRSALPAG WFIADKSGAG .ERGSRGIIA ALGP.DGKPS RIVVIYTTGS QATMDERNRQ IAEIGASLIK HWt.....
PSE-4 LSEMNGKKLE SWMVNNQVTG NLLRSVLPAG WNIADRSGAG .GFGARSITA VVWSEHQ.AP 1IVSIYLAQT QASMEERNDA IVKIGHSIFD VYTSQSR*
Reapsul LSPEARGKLA EWMRHGGVTG ALLRAFAEDA WLILDKSGSG .SH.TRNLVA VIQPEGG.AP WIATMFISDT DAEFEVRNEA LKDLGRAVVA VVREX...

FIG. 5. Alignment of the ROB-1 amino acid sequence with other class A B-lactamases. Gaps were introduced by hand, taking into account
the highest similarity. Conserved boxes are numbered I to VII. Abbreviations: Sabla, B-lactamase of Streptomyces aureofaciens (J. P.
Reynes, et al. European Molecular Biology Laboratory data library, accession number X13597); Albus, B-lactamase of Streptomyces albus
G (14); Cacaoi, chromosomal B-lactamase from Streptomyces cacaoi KCC-SO352 (21); ROB-1, B-lactamase from H. influenzae; PC1,
B-lactamase from Staphyloccocus aureus PC1 (10); Blip, B-lactamase from B. licheniformis 749/c (28); BceSh, B-lactamase I from B. cereus
569/H (34); Bcez, B-lactamase III from B. cereus 569/H (18); BceSb, B-lactamase I from B. cereus 5/B (39); LEN-1, B-lactamase from
Klebsiella pneumoniae LEN-1 (2); SHV-2, B-lactamase from E. coli A2302 (4); TEM-1, B-lactamase from Salmonella paratyphi B (36); PSE-4,
B-lactamase from Pseudomonas aeruginosa strain Dalgleish (5); Rcapsul, B-lactamase from R. capsulata sp108 (9). Stop codons are

represented by asterisks.

subgroup. We also noted that ROB-1 has the same peptide
length as those of other B-lactamases in group I. Interest-
ingly, all B-lactamases of group I, except for ROB-1, are in
group 2a in the biochemical classification of Bush (7). In
group II, plasmid-mediated B-lactamases from gram-nega-
tive bacteria include enzymes that have been identified as
broad spectrum and carbenicillinase (groups 2b and 2c) (8).

The alignment of class A B-lactamases (Fig. 5) showed the
seven boxes that are conserved in proteins that interact with
B-lactam compounds (19). The ROB-1-active site is assumed
to be an STFK (box II) tetrad and KSG triad (box VII), as
for TEM-1. In addition to these boxes, we found additional
amino acid residues conserved in all class A B-lactamases. It
is not known (but is strongly suggestive) whether conserved
residues may be implicated in structure and enzymatic
activities typical of class A B-lactamases. This hypothesis
needs to be confirmed by site-specific mutagenesis. Finally,
analysis of the ROB-1 B-lactamase at the sequence and

evolutionary levels suggests that it did not necessarily orig-
inate in H. influenzae and could have been acquired by
lateral transfer between bacterial species.
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